Experiments previously performed on 32D and C2C12 cell lines indicated that wild type p53 (wtp53) protein has a role in granulocyte and myotube dierentiation. Since these are immortal cells, we asked whether the inhibition of dierentiation induced by the expression of dominantnegative p53 (dnp53) proteins was dependent on the immortalization-determined microenvironment. Thus, we evaluated the eects produced by interfering with the endogenous p53 gene in murine primary hemopoietic and muscle cells. Expression of dnp53 protein reduced the dierentiation of bone marrow cells into granulocytes and macrophages. Moreover, p53 activation was measurable during the dierentiation process of primary myoblasts, while interference with this activation led to a consistent slow down of terminal dierentiation. Since the impairment of the dierentiation was not accompanied by alterations in the cell cycle withdrawal and in the rate of apoptosis which are coupled with these types of dierentiation, the data here reported support a speci®c role for p53 in the dierentiation process. However, the dierence in the intensity of inhibition between immortal and primary cells, i.e., complete versus slow down, respectively, suggests that the immortalization process might render the cells more sensitive to the loss of wtp53 activity for the dierentiation process.
Experiments previously performed on 32D and C2C12 cell lines indicated that wild type p53 (wtp53) protein has a role in granulocyte and myotube dierentiation. Since these are immortal cells, we asked whether the inhibition of dierentiation induced by the expression of dominantnegative p53 (dnp53) proteins was dependent on the immortalization-determined microenvironment. Thus, we evaluated the eects produced by interfering with the endogenous p53 gene in murine primary hemopoietic and muscle cells. Expression of dnp53 protein reduced the dierentiation of bone marrow cells into granulocytes and macrophages. Moreover, p53 activation was measurable during the dierentiation process of primary myoblasts, while interference with this activation led to a consistent slow down of terminal dierentiation. Since the impairment of the dierentiation was not accompanied by alterations in the cell cycle withdrawal and in the rate of apoptosis which are coupled with these types of dierentiation, the data here reported support a speci®c role for p53 in the dierentiation process. However, the dierence in the intensity of inhibition between immortal and primary cells, i.e., complete versus slow down, respectively, suggests that the immortalization process might render the cells more sensitive to the loss of wtp53 activity for the dierentiation process.
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The product of the p53 onco-suppressor gene (TP53) is a nuclear phosphoprotein involved in several biological functions which include regulation of cell cycle checkpoints, maintenance of genomic stability, apoptosis, dierentiation, and senescence (reviewed in Levine, 1997; Almog and Rotter, 1997) . The alteration of which function is implicated in tumor formation is still under intense investigation. It is debated whether the major contribution of the inhibition of TP53 oncosuppressor activity in tumor induction and progression is determined by the increase in genomic instability (Livingstone et al., 1992; Yin et al., 1992) , and/or the increase in resistance to apoptosis (Symonds et al., 1994; Morgenbesser et al., 1994) , or senescence (Sungrue et al., 1997; Gire and Wynford-Thomas, 1998) , or rather by the induction of the undifferentiated ± anaplastic ± phenotype acquired by many tumors during their malignant progression (Cotran et al., 1989) . Indeed, despite the numerous experimental data that support a role of the altered TP53 gene as inducer of genomic instability or as an anti-apoptotic agent (reviewed in Gottlieb and Oren, 1996) , epidemiological studies have found a strong correlation between TP53 alterations and highly undierentiated phenotypes in several types of tumors. Two emblematic examples of this correlation are given by the blast crisis of chronic myelogenous leukemia and by thyroid tumors. In myeloid leukemia the chronic phase is characterized by loss of proliferation control but maintenance of dierentiation capacity, while the conversion to the acute, blastic phase is associated with loss of dierentiation capacity (Champlin and Golde, 1985) and, in 50 ± 60% of the cases, mutation in the TP53 gene (Feinstein et al., 1991) . In thyroid, the relatively benign, well dierentiated carcinomas do not present TP53 mutations, which are only found in the aggressive, anaplastic forms (Wright et al., 1991 , reviewed in Fagin, 1994 . Interestingly, a similar correlation has been also found in p53 knock-out mice where chromosomal abnormalities and anaplastic phenotypes are more frequent and severe in p53
mice than in wild type mice (Kemp et al., 1993; Venkatachalam et al., 1998) . These undierentiated phenotypes might be a consequence of the genomic instability determined by the TP53 alterations. Alternatively, or in addition, they might depend on a direct role of TP53 in the dierentiation process. Several lines of evidence support a TP53 role in the regulation of cell dierentiation. Exogenous wtp53 over-expression can induce dierentiation in numerous cell lines derived from hematological and solid cancers (reviewed in Almog and Rotter, 1997) . The TP53 gene expression is modulated during dierentiation in a variety of normal tissues (reviewed in Almog and Rotter, 1997) and in mouse embryo development (Schmid et al., 1991) . Moreover, the interference with the endogenous TP53 gene by expression of dnp53 protein strongly inhibits the in vitro dierentiation of non-transformed, undierentiated cells as well as the in vivo development of the Xenopus laevis (Wallingford et al., 1997) . However, these results are in apparent contrast with the frequently normal development of p53 knock-out mice (Donehower et al., 1992; Sah et al., 1995) . In an attempt to solve this discrepancy, we asked whether the TP53 role in dierentiation is redundant or easily replaced in optimal developmental conditions while it becomes a critical step in less favorable situations for cell dierentiation such as tumor progression. To start answering to this question, we sought to compare the eects induced by the same dnp53 proteins in immortal cell lines and in their relative primary cytotypes. Since we previously studied the eects of dnp53 expression in immortal 32D myeloblasts and C2C12 myoblasts, we have now investigated the role of p53 protein in the differentiation of primary hemopoietic and muscle cells. To this aim, hemopoietic progenitors were obtained from the bone marrow (BM) compartment, stimulated to proliferate by a 24 h incubation in the presence of interleukine 3 (IL-3), interleukine 6 (IL-6), stem cell factor (SCF), and subsequently infected by 24 h cocultivation with packaging cells (Scardigli et al., 1997) . These cells produce the LxSN retrovirus, carrying the neomycine-resistance gene, or the Ltsp53SN retrovirus, encoding for the temperature sensitive p53Val 135 mutant (tsp53), which has wild type-like p53 activity at 328C and dominant negative eects at 38.58C (Michalovitz et al., 1990) . After infection, BM cells were either selected in suspension in G418-containing medium for Western blot analysis (Figure 1a ), or plated in semisolid medium in the presence of IL-3, granulocyte/macrophage-colony stimulating factor (GM ± CSF), and G418 to evaluate granulocyte and monocytic-macrophage dierentiation of the infected cells. After a 12-day incubation at 38.58C, 70 colonies were harvested, cytocentrifuged, and stained with May ± Grunwald Geimsa. The number of colonies consisting mostly of terminally dierentiated cells (i.e., macrophages and polymorphonucleated cells) ( Figure 1b ) was strongly reduced in the Ltsp53SN-infected cells (17% of the analysed colonies) compared to LxSN-(35%) and mock-infected cells (50%), indicating that the expression of dnp53 can interfere with dierentiation through the granulocyte/macrophage pathways in primary hemopoietic cells. To extend this result to a dierent histotype and to better characterize the phenomenon, we expressed the dnp53 protein in primary myoblasts, which are much easier to manipulate in vitro than primary BM cells, and allow kinetic studies. As a source of primary myoblasts we used the mouse satellite cells (MSC), which are the proliferating progenitors of myotubes and are the correspondent primary population of C2C12 immortal cells (Campion, 1984) . MSC were obtained from skeletal muscles of newborn mice and maintained in culture in the presence of high serum concentration and basic ®broblast growth factor (bFGF) to promote proliferation and prevent differentiation (Rando and Blau, 1994) . Withdrawal of these factors is sucient to induce myocyte and myotube formation in more than 90% of the cells within 72 h (Rando and Blau, 1994) .
It has been shown that p53 becomes transcriptionally active during the dierentiation of immortal C2C12 myoblasts (Soddu et al., 1996) , thus, we measured p53 transcriptional activity in MSC on the p53-responsive vector PG 13 CAT and on its negative control MG 15 CAT (Kern et al., 1992) . After transient transfection with the reporter vectors, MSC were incubated in growing medium, in dierentiationpromoting medium, or in the presence of the DNA damaging agent doxorubicin (Adriamycin, ADR) as positive control. As shown in Figure 2a and b, an increased CAT activity was present in dierentiating and ADR-treated cells compared to proliferating MSC. Similar levels of low activity were measured in the MG 15 CAT-transfected cells maintained in the dierent culturing conditions. These data show that primary MSC, as their immortal C2C12 counterpart, present an activation of p53 protein, measurable through an increase of its transcriptional activity, upon induction of dierentiation, con®rming the correlation between p53 activation and muscle dierentiation.
To evaluate whether this correlation is functionally relevant, we inhibited the endogenous p53 activity of the MSC by the expression of two dierent dnp53 proteins, the tsp53 or the DD miniprotein, which consists of the last 89 residues of p53 oligomerization domain (Shaulian et al., 1992) . First, the MSC were transiently transfected with the tsp53 or the DD-p53 expression vectors and 24 h later were incubated in dierentiation-promoting medium. Dierentiation indices were measured at dierent time points by triple indirect immuno¯uorescence detecting p53, the musclespeci®c marker myosin heavy chain (MyHC), and the DNA. As shown in Figure 2c , expression of dnp53 proteins reduced by 50% on average the dierentiation capacity of MSC at the dierent time points, indicating that p53 plays a role also in the dierentiation process of primary myoblasts.
Transient experiments allow functional and biochemical studies only for short periods of time and at single cell level, thus, to bypass these limitations, MSC were stably infected with the recombinant retroviruses After a 5 day selection in G418-containing medium, total cell lysates obtained by the indicated cells were separated on 10% SDS ± PAGE. Western blotting was performed with FL-393 rabbit anti-p53 serum (Santa Cruz Biotechnology, Inc., CA, USA), or mouse anti HSP70 mAb (StressGen Biotechnologies Corp., Canada) to normalize the amount of proteins. GP+E-Ltsp53SN cells (Scardigli et al., 1997) were used as positive controls. (b) BM cells were obtained and infected as above, and plated in the presence of GM-CSF to stimulate granulocyte/ macrophage dierentiation as described (Scardigli et al., 1997) . Single colonies were picked up 12 days after plating, cytocentrifuged, ®xed and stained with May ± Grunwald Giemsa. Representative ®elds of single colony preparations are presented. Granulocytes are shown in the mock-infected colony; macrofages in the LxSN-infected colony; undierentiated myeloblasts in Ltsp53SN-infected colony (Figure 3a) . However, this dnp53 protein was unable to inhibit the transcriptional activity of the endogenous p53 on the PG 13 CAT reporter vector after stimulation with ADR-induced DNA damage (fourfold induction of CAT activity in control cells compared with 4.3-fold in LDDSN-infected cells). Not surprisingly, these cells maintained unaltered their differentiation capacity. At present, we do not know why MSC are unable to stably tolerate the expression of a functional DD miniprotein. However, because of this eect, the following experiments were performed with the MSC infected with LxSN or Ltsp53SN retroviruses and maintained as single cell clones or polyclonal populations. In these dierent cell populations, tsp53 protein expression was evaluated by Western blotting and compared with the amount of the same protein expressed in the C2C12 cells, in which the expression of this dnp53 inhibits of 70 ± 80% the dierentiation process (Soddu et al., 1996) . The tsp53-expressing MSC maintained as polyclonal population (MSCtsp53-Mix), or selected as single cell clone (MSCtsp53#1), have one half of the amount of the tsp53 protein that is present in C2C12-tsp53 cells, as evaluated by densitometric analysis of Figure 3b . However, in all cell types the amount of tsp53 protein was high enough (more than 20-fold) to largely exceed the wtp53 counterpart.
Terminal dierentiation is associated with marked changes in survival and proliferation capacities. In particular, muscle dierentiation of immortal or After 24 h the cells from each transfection were split into seven 35 mm Petri dishes and incubated in proliferating medium (PM), or dierentiationpromoting medium (DM) for the indicated times, or in the presence of ADR (500 ng/ml) for 24 h. CAT activity was measured by the two-phase¯uor diusion assay (Hu et al., 1993) , and counts per minute (c.p.m.) were normalized by protein concentration. (b) Eect of dnp53 expression on dierentiation of primary MSC. MSC were transiently transfected as in (a) with pCMV-DD (Shaulian et al., 1992) or pN53cGVal135 (Soddu et al., 1994) expression vectors. After 24 h from transfection each cell population was split into four 35 mm Petri dishes and incubated in the presence of PM or DM, as in (a). At the indicated times, cells were ®xed and indirect immuno¯uorescence was performed with rabbi anti-MyHC serum and Ab122 mouse anti-p53 mAb (Boehringer Mannheim Italia SPA Milano, Italy) as reported (Soddu et al., 1996) . Nuclei were counter-stained by Hoechst. Only dnp53-positive cells were evaluated to calculate dierentiation indices. Dierentiation indices are the percentages of nuclei belonging to MyHC-positive cells on the total number of nuclei (Crescenzi et al., 1994) Figure 3 Western blot analyses of tsp53 and DD proteins. MSC were infected with the LDDSN, Ltsp53SN, or the LxSN retroviruses, selected in G418-containing medium, and maintained as polyclonal (MSC-tsp53-Mix) or single cell clones (MSC-LDDSN and MSC-tsp53#1) populations. Equal amount of proteins from cell lysates obtained by the indicated cells was separated on 12% SDS ± PAGE. Western blotting was performed with Ab7 sheep anti-p53 serum (Calbiochem, Inalco SPA, Milano, Italy). The position of p53 and DD proteins are indicated. 32D-DD#4 cells (Soddu et al., 1996) and GP+E-Lp53SN cells (Scardigli et al., 1997) were used as positive controls. As expected, expression of DD miniprotein stabilizes the endogenous p53 protein (Shaulian et al., 1992) , which is otherwise undetectable in 32D cells by this technique p53 role in differentiation G Mazzaro et al primary myoblasts is characterized by a certain degree of apoptosis and by cell cycle withdrawal (NadalGinard, 1978; Wang and Walsh, 1996) . Complete morphological and functional dierentiation take place only in the cell cycle arrested cells. Alterations of these parameters would modify the dierentiation index, but in an indirect way. Since p53 was shown to regulate cell cycle and apoptosis in dierent stressing conditions, to attribute to p53 a direct role in the dierentiation of primary muscle cells it is necessary to evaluate whether expression of dnp53 modi®es the rate of dierentiation-associated apoptosis and of cell cycle withdrawal. To these aims, Ltsp53SN-and LxSNinfected MSC were incubated in the absence of growth factors to stimulate dierentiation. Apoptosis was evaluated by TUNEL assay and DNA synthesis by bromo-deoxyuridine (BrdU) incorporation. As previously observed on immortal C2C12 cells (Soddu et al., 1996) , no dierences in the apoptotic rate ( Figure  4a ) and in the reduction of cells in the S phase of the cell cycle ( Figure 4b ) were found between tsp53-and neo-expressing MSC after growth factor withdrawal. These results indicate that interference with endogenous p53 protein does not aect dierentiationassociated apoptosis and exit from the cell cycle, and ensure that any eventual dierence in the differentiation index is due to an interference with the dierentiation process per se.
Dierentiation indices of Ltsp53SN-infected and control MSC were calculated at dierent time points after incubation in the dierentiation-promoting medium by double indirect immuno¯uorescence analysis for MyHC and staining of DNA. A 50% reduction in the dierentiation indices was constantly present in the two tsp53-expressing MSC populations compared to control cells 48 h after growth factor withdrawal (Figure 4c and d) . However, in contrast to what was previously observed on immortal C2C12 cells, in which the inhibition of dierentiation by tsp53 expression was permanent, at the time point 72 h the dierentiation indices of control and tsp53-expressing MSC became comparable (Figure 4c and d) . These results indicate that p53 is involved in the differentiation of primary MSC, however, these cells can overcome the interference of the tsp53 proteins, at least at the levels expressed upon stable infection.
In conclusion, these results indicate that p53 protein is involved in primary hemopoietic and muscle cell Figure 4 Analyses of dierentiation-associated apoptosis, cell cycle withdrawal and dierentiation capacity of tsp53-expressing MSC. The indicated cells were plated in 35 mm Petri dishes and incubated in proliferation medium (PM), or in dierentiationpromoting medium, for the indicated times. (a) The percentage of dierentiation-associated apoptosis was evaluated by TUNEL assay (Boehringer Mannheim) following manufacturer's conditions. (b) The percentage of cells in the S phase of the cell cycle was evaluated by 6 h incorporation of BrdU and immuno¯uorescence staining as described (Crescenzi et al., 1994) . (c) Dierentiation was evaluated by immuno¯uorescence staining of MyHC (green¯uorescence) and hoechst staining of nuclei (blue¯uorescence) (Crescenzi et al., 1994) . (d) Dierentiation indices of the indicated cells were calculated as in Figure 2 p53 role in differentiation G Mazzaro et al dierentiation and strongly support the hypothesis that p53 plays a role in these dierentiation processes. However, the activity of dnp53 in inhibition of muscle dierentiation is stronger in immortal than in primary cells. We cannot estimate a similar dierence between BM and 32D cells because the type of experiments that we can perform with these cells are less quantitative. Since immortal C2C12 and primary MSC express a large excess of tsp53 compared to the endogenous wtp53 protein (20-and 30-fold, respectively), it can be speculated that the dierent sensitivity to interference with endogenous p53 protein between these cells, at the end-point of the dierentiation process, depends, at least in part, on the immortalized cellular microenvironment. It is possible that the immortalization process causes the loss or alteration of important factors that could replace p53 action in dierentiation. The cloning of p73, KET and p63 genes, which have structural and functional homology with the TP53 gene (Kagadh et al., 1997; Jost et al., 1997; Schmale and Bamberger, 1997; Mills et al., 1999; Yang et al., 1999) , support the hypothesis that a p53 family exists whose members have partially overlapping functions. On the other hand, recent work has showed that in Xenopus leavis p53 function is indispensable for normal development (Wallingford et al., 1997) suggesting that lower vertebrates have a less complex functional redundancy than mammals. Overall, these data support the idea that p53 is involved in cell dierentiation and suggest that the integrity of its activity might become more and more relevant when dierentiation takes place in an environment deviating from physiology, such as immortalization and tumor formation.
